Crown ethers and their supramolecular derivatives are well-known chelators and scavengers for a variety of cations, most notably heavier alkali and alkalineearth ions. Although they are widely used in synthetic chemistry, available crystal structures of uncoordinated and solvent-free crown ethers regularly suffer from disorder. In this study, we present the X-ray crystal structure analysis of well-ordered solvent-free crystals of dibenzo-21-crown-7 (systematic name: dibenzo [b,k]-1,4,7,10,13,16,19-heptaoxacycloheneicosa-2,11-diene, C 22 
Introduction
Macrocyclic crown ethers are established chelators particularly suited for substituted ammonium ions and heavy-metal cations (Pedersen, 1967) . The title compound, dibenzo-21crown-7 (systematic name: dibenzo [b,k]-1,4,7,10,13,16,19heptaoxacycloheneicosa-2,11-diene, also 6,7,9,10,12,13,20,21,-23,24-decahydrodibenzo[b,k] [1, 4, 7, 10, 13, 16, 19] heptaoxacycloheneicosin; Chemical Abstracts Service, 2017), (I), is known to selectively form stable complexes with ions of heavy alkali and alkaline-earth metals, most notably caesium (Blasius & Nilles, 1984) .
Although Petersen had synthesized the molecule in the late 1960s, the first reliable crystal structure of the nitromethane adduct of (I) was not established until the mid-1990s (Burns et al., 1996) . Only three closely related derivatives, namely dimethyldibenzo-21-crown-7 (Owen & Nowell, 1978) , 4,4 0 -ditert-octyldibenzo-21-crown-7 (Sachleben et al., 1997) and tetranitrodibenzo-21-crown-7 (Mä kelä et al., 2016) , have been characterized using X-ray diffraction, probably because of the notorious tendency of crown ethers to disorder, especially when uncoordinated. Table 1 Experimental details.
Chemical formula = C 22 H 28 O 7 , M r = 404.44, crystal system = monoclinic, space group = P2 1 /c and Z = 4. The experiment was carried out at 150.00 (10) K with Cu K radiation using an Agilent SuperNova (single source) diffractometer. Absorption was corrected for using numerical methods based on Gaussian integration over a 14-faceted crystal model (grid dimensions: 10 3 , beam-profile correction for 0.18 Â 0.18 mm 2 ). An empirical absorption correction was then performed using spherical harmonics and frame scaling (minimum factor: 0.662; maximum factor: 1.465), as implemented in CrysAlis PRO (Rigaku Oxford Diffraction, 2015) . local coordinate systems, import them from the generalized invariom database (Dittrich et al., 2013) and set up input files for the next step (cf. Table S1 in the supporting information).
IAM
The resulting model, which is based on multipoles according to the Hansen-Coppens formalism (Hansen & Coppens, 1978) , was then refined with XD2016 (Volkov et al., 2016) against a data set merged using tools implemented in WinGX (Farrugia, 2012) . To assure comparability of weighted results, the limit for observed reflections was lowered to I > 2(I) and a SHELXL-like weighting scheme with a(XD) = p(SHELXL) and b(XD) = 0.1 was applied, so that the weighted goodnessof-fit S converged to a value near unity. H atoms were placed at database-derived optimized distances from the carrier atom, which were reset after every refinement cycle, and refined with isotropic displacement parameters. To correctly assess the hydrogen bonds in the invariom model, bonding distances and angles were calculated using the module XDGEOM of XD2016. The result of the invariom refinement is shown in Fig. 1 . The displacement ellipsoid plot for the IAM refinement is nearly identical.
Further computations
The electrostatic potential was directly derived from the invariom model using XD2016 (Volkov et al., 2016) and projected on the Hirshfeld surface using MoleCoolQt (Hü bschle & Dittrich, 2011) . The Tonto routines (Jayatilaka & Grimwood, 2003) implemented in CrystalExplorer (Turner et al., 2017) were used to calculate Hirshfeld surfaces and fingerprint plots, as well as to compute scaled interaction energies via density-functional theory (DFT) with the hybrid functional B3LYP and Pople's polarized split-valence basis set 6-31G(d,p) (Mackenzie et al., 2017) .
Results and discussion

Invariom versus IAM refinement
The number of reflections used in both refinements deviate from each other because of algorithmic differences: SHELXL, the de-facto standard in conventional IAM refinements, adjusts against intensity data and includes all reflections in the final refinement steps (negative intensities below a modifiable threshold are set to the threshold value), whereas XD2016 (Volkov et al., 2016 , the standard in charge-density studies, excludes the unobserved reflections. For the calculation of structure factors and R values, however, all reflections are included in both cases.
Under these preconditions, the invariom model outperformed the IAM in terms of R factors, especially wR(F 2 ) for all reflections, and the r.m.s. of the difference electron-density Á. Whereas the IAM exhibits local maxima at lone-pair positions, on delocalized and also many bonds, the invarioms model bond and lone-pair electron density at the expense of core electron density. This is manifested in the deformation electron density Á def = (invariom) À (IAM) (Fig. 2) clearly showing these features. As the results of the invariom refinement are superior to those of the IAM refinement, all the following considerations are based on the former.
Molecular geometry
All bond lengths within the molecule of (I) are in the expected range. The ethylene groups adopt -at least approximately -staggered conformations. Bonds to adjacent O atoms are oriented gauche, with the exception of the O1-C2-C3-O4 fragment, which shows an anti conformation. This results in an overall boat-like shape of the molecule, which is governed by two planes: one containing the chain segment C18-C29 (r.m.s. deviation = 0.0370 Å ), roughly coinciding with the crystallographic plane (124), and one containing atoms O1-C13 and C29 (r.m.s. deviation = 0.1035 Å ), roughly coinciding with (125). The planes intersect at an angle of 76.377 (1) . Atoms O14-O17 are part of neither plane (cf. Fig. S1 in the supporting information).
Interestingly, a comparison of the average displacement parameters for the shorter [U eq (C/O)= 0.029 (4) Å 2 and U iso (H) = 0.048 (6) Å 2 ] and the longer chain [U eq (C/O) = 0.036 (4) Å 2 and U iso (H) = 0.068 (6) Å 2 ] connecting the aromatic rings also hints at slightly less order in the latter. The maximum residual electron density is also found in its envir-
Figure 1
An ORTEP representation, with displacement ellipsoids and spheres drawn at the 50% probability level, of the molecular structure of (I) according to the invariom model (colour key: C atoms black, O atoms red and H atoms grey).
Figure 2
Isosurfaces of the deformation electron density Á def = AE0.3 e Å À3 (positive is orange and negative is blue). The molecule is shown in a balland-stick representation with arbitrary radii (colour key: C atoms black, O atoms red and H atoms white). onment. The small increase when switching from the IAM to the invariom model (cf . Table 1 ) is due to the now adequate modelling of bond and lone-pair electron density; the effect of minor disorder becomes more pronounced. However, the high degree of order in the crystals remains exceptional for uncoordinated crown ethers.
Intermolecular interactions
3.3.1. Contacts and packing. Two kinds of intermolecular interactions govern the crystal packing, i.e. dispersive contacts and nonclassical hydrogen bonds (NCHBs) between C-H groups and O atoms. Among the dispersive contacts, various side-on interactions between aromatic rings and catechol CH 2 groups, as well as edge-on contacts between the out-of-plane part of the longer chain and the C21-C26 ring, are predominant.
To assess the hydrogen-bond network, we defined NCHBs using relatively strict criteria: CÁ Á ÁO 4.5Å and C-HÁ Á ÁO ! 150 (Desiraju & Steiner, 1999) . Inspection of the twofold hydrogen-bonded H2A atom led to the rejection of the longer smaller-angle bond to atom O14 so that eight intermolecular NCHBs are considered to be present (see Table 2 ). Based on their CÁ Á ÁO distance, seven of these may be grouped into one of two classes (3.80-4.10 and 4.25-4.45 Å ). One bond is particularly short at 3.5631 (13) Å .
In the crystal, the boat-like molecules are stacked to build infinite chains along a, donating four and accepting one NCHB on the 'inner side' -and vice versa on the 'outer side' (Fig. 3) . Three belong to the class of shorter NHCBs and two to the class of longer NHCBs. This correlates well with the results of computation: with a total energy of À88.8 kJ mol À1 per molecule (cf. Table S2 and Fig. S1 in the supporting information), the interactions in these chains are by far the strongest in the crystal. The shortest hydrogen bonds connect the chains to dimers, in which each molecule donates and accepts one NCHB of this type to/from the same neighbour related by a centre of inversion ( Fig. 3 , centre of the unit cell). In keeping with these hydrogen bonds being the shortest, one finds the second lowest electrostatic and total interaction energy (À29.1 kJ mol À1 ) within the dimers. The remaining two longer NCHBs connect the chain dimers to form infinite rows ( Fig. 3 , upper cell boundary). Adjacent molecules interacting dispersively via aromatic rings exhibit total interaction energies of À22.6 to À21.0 kJ mol À1 , whereas other dispersive contacts are much higher in energy.
The energy computations also confirmed that dispersive interactions are by far the strongest influence. Electrostatic interactions are only of minor importance, whereas polarization does not play any role at all.
3.3.2. Hirshfeld surface and fingerprint plot. Amongst the many possibilities to partition and assign crystallographic space with respect to molecular crystals, a variation of Hirshfeld's stockholder partitioning (Hirshfeld, 1977) has become exceedingly popular. In this scheme, the surface assigned to a molecule encloses that volume in which the promolecule contribution from this molecule -constructed from nuclear positions and spherically averaged electron density -exceeds that of all neighbouring molecules (Spackman & Byrom, 1997) .
The information conveyed by shape representations of the Hirshfeld surface can be enhanced by colour-coding properties onto it. Fig. 4 (top) shows a projection of the normalized contact distance d norm . Areas in which the distance between adjacent molecules is smaller and greater than the sum of their van der Waals radii are marked in red and blue, respectively. A first introspection already makes clear that most contacts are longer than (blue) or approximately equal to (white, especially along the molecular perimeter) the values expected from the van der Waals radii. Two exceptions are, however, distinguishable (red), viz. a side-on C-HÁ Á Á contact between atom H28B and the C21-C26 ring (atom-plane distance = 2.544 Å ) and a side-on C-HÁ Á ÁH-C contact between atoms H23 and H13A (distance = 2.314 Å ).
The two-dimensional fingerprint plot of a Hirshfeld surface summarizes the intermolecular interactions in a crystal. For The packing diagram of (I) in the crystal, shown in a capped-stick representation with arbitrary radius (colour key: black C, red O and white H atoms, and blue dashed lines NCHBs). H atoms not involved in the hydrogen bonding and dangling hydrogen bonds have been omitted for clarity. Table 2 Hydrogen-bond geometry (Å , ) for Invariom. every point of the Hirshfeld surface, the distance d i from the nearest nucleus inside versus the distance d e from the nearest nucleus outside is plotted. Colour is used to encode the number of times each pair of distances occurs, equalling the respective surface-area fraction (see Fig. 4 , bottom). The absence of colours in the range from yellow to red and the comparatively large spread (1.0 d 2.3 Å ) show that the distance pairs are quite evenly distributed. This can be attributed to the anisotropic molecular shape giving rise to a variety of different contacts (Spackman & McKinnon, 2002) . Nevertheless, some features are discernible. The pale-green band roughly along the line defined by d e = d i is due to the numerous dispersive head-to-head HÁ Á ÁH interactions, while the pale-green bands below and above are caused by C-HÁ Á ÁO interactions, i.e. the NCHBs. The blue wing-like structures, which are located even further out, result from C-HÁ Á Á contacts. The brightest feature at d e ' 1.9 Å , d i ' 1.5Å derives from an overlap of predominant HÁ Á ÁH (between aliphatic, as well as between aliphatic and aromatic parts) and some C-HÁ Á ÁO interactions. 3.3.3. Electrostatic potential. Although electrostatic interactions are of minor importance (cf. x3.3.1), a short survey is in order for the sake of completeness. The electrostatic potential V(r) at the point r is available from the final structural parameters and the predicted multipoles of an invariom refinement. For (I), it is illustrated in Fig. 5 .
From the picture, it is evident that regions of high potential are located at the H atoms on the molecular perimeter, especially on the aromatic rings. Regions of low potential are located near the central fold dominated by O atoms, especially O14 and O17, and those stemming from catechol. It is safe to assume that what are overall relatively weak electrostatic interactions manifest primarily in NCHBs, as these are the predominant C-HÁ Á ÁO contacts. The findings are thus in tune with atom O17 accepting two hydrogen bonds, and O14 accepting one NCHB and having a relatively strong interaction with atom H2A (cf. x3.3.1). The electrostatic interaction energies (cf . Table S2 and Fig. S1 in the supporting information) nicely reflect the number of NCHBs between neighbouring molecules, as well as the adjacenct nature of regions of opposite potential: they are the lowest (unscaled À29.7 kJ mol À1 ) for the stacks along a and, remarkably second in place, for the dimers bound via hydrogen bonds of the shortest type (unscaled À11.0 kJ mol À1 ).
Conclusion
Well-ordered solvent-free crystals of dibenzo-21-crown-7 can be grown from a solution in toluene via slow evaporation using a small temperature gradient. The tendency of crown ethers to form cocrystals with solvent molecules can be reduced using (Top) Hirshfeld surface with projection of the normalized contact distance d norm in two orientations (colour key: blue is positive, white is zero and red is negative). The molecule is shown in a ball-and-stick representation with arbitrary radii (colour key: C atoms black, O atoms red and H atoms white). (Bottom) A fingerprint plot of the Hirshfeld surface with external and internal distances, i.e. d e and d i . The colours indicate the surface-area fraction, with a rainbow scheme ranging from blue (small) to red (large).
Figure 5
Electrostatic potential projected on the Hirshfeld surface. The molecule is shown in a ball-and-stick representation with arbitrary radii (colour key: C atoms black, O atoms red and H atoms white). apolar solvents. This is crucial in order not to disrupt dispersive contacts between crown-ether molecules in favour of stronger electrostatic interactions with solvent molecules.
The predominant intermolecular interactions in the crystal are of a dispersive nature and are manifested in various C-HÁ Á ÁH-C and C-HÁ Á Á contacts. In addition, nonclassical C-HÁ Á ÁO hydrogen bonds are abundant, based on dispersive, as well as much weaker electrostatic interaction. The boat-like conformation of the molecules enables efficient stacking along the a axis so that multiple weak dispersive contacts and hydrogen bonds contribute to a relatively strong total attraction between pairs of molecules in an infinite stack. Further, this motif seems to impose order even on a notoriously 'difficult group', such as the -O[(-CH 2 ) 2 -O] 3 -chain.
supporting information sup-1 . C73, 654-659 supporting information Invariom; SHELXL2016 (Sheldrick, 2015b) for IAM. For both structures, molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) and Mercury (Macrae et al., 2008) . Software used to prepare material for publication: WinXD (Volkov et al., 2016) for Invariom; OLEX2 (Dolomanov et al., 2009) for IAM. 1,4,7,10,13,16,19 T min = 0.598, T max = 1.000 13236 measured reflections 3925 independent reflections 3559 reflections with I > 2σ(I) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 0.41 e Å −3 Δρ min = −0.24 e Å −3 Special details Refinement. After conventional IAM refinement, invarioms were assigned and set up using MoleCoolQt Revision 558 (Hübschle & Dittrich, 2011) . All hydrogen atoms were reset to neutron-diffraction-derived distances to their carrier atoms after every refinement cycle (d = 1.0962 Å for methylene groups, d = 1.0823 Å for aromatics).
Dibenzo[b,k][
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) 0.0394 (7) 0.0482 (8) 0.0350 (7) 0.0064 (6) 0.0050 (5) −0.0052 (6) C16 0.0397 (7) 0.0396 (7) 0.0394 (7) −0.0005 (5) 0.0035 (5) −0.0083 (5) (14) O17-C18-C19-O20 71.29 (11) C6-C5-O4-C3 −4.01 (10) C18-C19-O20-C21 174.35 (13) O4-C5-C6-H6 −0.88 H19A-C19-O20-C21 54.49 O4-C5-C6-C7 179.03 (16) H19B-C19-O20-C21 −65.90 C10-C5-O4-C3 175.23 (13) C26-C21-C22-H22 −179.44 O4-C5-C10-C9 −177.85 (14) C26-C21-C22-C23 0.42 (10) O4-C5-C10-O11 2.63 (8) C22-C21-C26-C25 −1.08 (10) C5-C6-C7-H7
178.98 C22-C21-C26-O27 177.96 (15) C5-C6-C7-C8 −1.08 (10) C22-C21-O20-C19 −4.50 (10) H6-C6-C7-H7 −1.12 O20-C21-C22-H22 −0.55 H6-C6-C7-C8
178.82 O20-C21-C22-C23 179.31 (17) C6-C7-C8-H8 −178.94 C26-C21-O20-C19 174.42 (14) C6-C7-C8-C9 1.11 (11) O20-C21-C26-C25 179.93 (15) H7-C7-C8-H8 1.00 O20-C21-C26-O27 −1.03 (9) H7-C7-C8-C9 −178.95 C21-C22-C23-H23 −179.90 (18) C7-C8-C9-H9 −179.89 (17) C21-C22-C23-C24 0.29 (11) C7-C8-C9-C10 0.15 (11) H22-C22-C23-H23 −0.04 (10) H8-C8-C9-H9 0.15 (10) H22-C22-C23-C24 −179.85 (18) H8-C8-C9-C10 −179.80 (17) C22-C23-C24-H24 179.75 (18) C8-C9-C10-C5 −1.42 (10) C22-C23-C24-C25 −0.35 (11) C8-C9-C10-O11 178.05 (17) H23-C23-C24-H24 −0.05 (10) where P = (F o 2 + 2F c 2 )/3 (Δ/σ) max < 0.001 Δρ max = 0.39 e Å −3 Δρ min = −0.28 e Å −3 Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. All hydrogen atoms were refined with standard riding models (d = 0.99 Å for methylene groups, d = 0.95 Å for aromatics) and U iso (H) = 1.2 × U eq (C).
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) 0.0302 (7) 0.0320 (7) 0.0365 (7) −0.0008 (5) 0.0008 (5) −0.0068 (6) C8 0.0286 (7) 0.0388 (8) 0.0317 (7) −0.0012 (5) −0.0030 (5) −0.0013 (6) C9 0.0282 (7) 0.0329 (7) 0.0321 (7) 0.0039 (5) 0.0001 (5) 0.0042 (5) C10 0.0281 (6) 0.0262 (6) 0.0278 (6) 0.0012 (5) 0.0054 (5) −0.0002 (5) C12 0.0371 (7) 0.0312 (7) 0.0378 (7) 0.0121 (6) 0.0031 (6) 0.0015 (6) C13 0.0529 (9) 0.0323 (7) 0.0353 (7) 0.0120 (7) 0.0066 (6) −0.0001 (6) supporting information sup-10 Acta Cryst. (2017). C73, 654-659 C15 0.0406 (8) 0.0492 (9) 0.0399 (8) 0.0075 (7) 0.0060 (6) −0.0043 (7) C16 0.0408 (8) 0.0411 (8) 0.0440 (8) −0.0008 (6) 0.0056 (6) −0.0073 (6) C18 0.0532 (9) 0.0323 (7) 0.0377 (8) 0.0043 (7) −0.0015 (7) −0.0036 (6) C19 0.0366 (7) 0.0316 (7) 0.0349 (7) 0.0064 (6) 0.0038 (6) −0.0052 (6) C21 0.0273 (6) 0.0262 (6) 0.0313 (6) −0.0026 (5) −0.0014 (5) −0.0049 (5) C22 0.0318 (7) 0.0317 (7) 0.0345 (7) −0.0029 (5) 0.0041 (5) −0.0071 (5) C23 0.0376 (8) 0.0368 (8) 0.0344 (7) −0.0071 (6) 0.0046 (6) −0.0021 (6) C24 0.0367 (7) 0.0310 (7) 0.0406 (8) −0.0044 (6) −0.0015 (6) 0.0026 (6) C25 0.0278 (7) 0.0304 (7) 0.0400 (7) 0.0003 (5) −0.0013 (5) −0.0034 (6) C26 0.0236 (6) 0.0303 (7) 0.0305 (6) −0.0028 (5) −0.0014 (5) −0.0048 (5) C28 0.0218 (6) 0.0309 (7) 0.0338 (7) 0.0037 (5) −0.0015 (5) −0.0061 (5) C29 0.0270 (7) 0.0353 (7) 0.0320 (7) 0.0037 (5) −0.0017 (5) −0.0038 (5) O1 0.0458 (6) 0.0367 (5) 0.0338 (5) 0.0139 (4) −0.0116 (4) −0.0084 (4) O4 0.0272 (5) 0.0287 (5) 0.0338 (5) 0.0050 (4) −0.0042 (4) −0.0042 (4) O11 0.0319 (5) 0.0267 (5) 0.0378 (5) 0.0061 (4) −0.0005 (4) −0.0043 (4) O14 0.0436 (6) 0.0504 (6) 0.0335 (5) 0.0113 (5) 0.0078 (4) −0.0021 (5) O17 0.0525 (6) 0.0431 (6) 0.0355 (5) −0.0040 (5) −0.0007 (5) 0.0012 (4) O20 0.0387 (5) 0.0302 (5) 0.0383 (5) 0.0064 (4) 0.0099 (4) 0.0006 (4) 
